able natural resources, investment, and regional funding for infrastructure development and improvement. For example, five separate international airports have been constructed in recent years in the Pearl River delta (including Hong Kong and Macau). Better intercity cooperation could avoid such wasteful redundancy in the future, resulting in a more efficient regional economy (Bao 2005) .
If, as expected, such rapid development continues over the next several decades, demographic trends suggest that China will experience an even greater rate of urbanization. Population in urban areas has already increasedization has resulted in substantial environmental problems throughout China, but nowhere more so than in city clusters. A considerable part of China's GDP was achieved at the cost of over-consumption of energy and other natural resources. The Pearl River delta, for example, although accounting for only about 20% of Guangdong province, consumed 67% of the coal and 85% of the oil for the entire region. Due to the close proximity of the cities and the large number of emissions sources, ambient concentrations of SO 2 and NO 2 in the Pearl River delta region were 2-3 times the level found in other parts of the province (CESPKU and GIES 2004) . Pollutants from various cities in the area tend to mix and spread over the entire region (Wang SL et al. 2005) .
There is an urgent need to incorporate environmental issues into planning China's urban areas, in order to reduce the risks of further environmental degradation. This paper briefly describes the role of city clusters in China's economic development, and describes the regional air and watershed pollution that has developed as a result of the rapid economic growth within these city clusters. We also propose possible solutions to these environmental problems, taking into account the social and economic plans for medium-and long-term development in China.
Economic growth in city clusters
Urbanization in China has occurred most rapidly in the coastal areas, due to the stronger economic base and more developed infrastructure, as well as the greater abundance of natural resources. As a result, several city clusters have arisen in coastal areas and nearby regions (Figure 1 ). For several reasons, the formation of city clusters often acts as a catalyst for economic growth and enhances the competitiveness of the region as a whole. The central government has therefore developed long-term plans to support rapid coastal urbanization, followed by efforts to increase urbanization, in the central part of the country, thereby aiding economic development (National Bureau of Statistics 2001b). In essence, the three largest city clusters -the Beijing-Tianjin-Bohai Bay, Yangtze River delta, and Pearl River delta regions -have become the forerunners of modernization in China.
At present, the Yangtze River delta and Pearl River delta areas are the most fully developed, followed by the Beijing-Tianjin-Bohai Bay cluster and the recently initiated Northeast cluster (Table 1 ). The Pearl River delta city cluster has expanded rapidly since the 1980s, due primarily Table 1 ; the other city clusters are generally development zones around one large city. Central-China plains, Guanzhong, Wuhan, and Changsha are used as names of city clusters near the cities of Zhengzhou, Xi'an, Wuhan, and Changsha cities, respectively. Redrawn from Zhang (2004) .
Figure 1. The distribution of city clusters in eastern China. The closed dots indicate cities, sized according to urban population size; the dashed circles indicate city clusters, sized according to GDP. Details of the Northeast plains, BeijingTianjin-Bohai Bay area, Yangtze River delta, and Pearl River delta are given in
to former political leader Deng Xiaoping's policy of creating "special economic zones", designated regions where governmental policy fosters a market economy instead of a planned economy. Similarly, the exponential economic growth of Shanghai in the 1990s led rapidly to accelerated growth among cities in its neighborhood. The Beijing-TianjinBohai Bay area is a unique city cluster that formed spontaneously around the twin megacities of Beijing and Tianjin.
The Northeast plains cluster, the former national center for heavy industry from the 1950s and throughout the 1980s, is now facing major challenges in maintaining its economic strength, following the exhaustion of its once abundant natural resources, especially coal, oil, and iron ore. Industrial restructuring and rehabilitation are making the Northeast cluster China's fourth economic pillar (Table 1) . While these four regions make up less than 3 % of China's territory, and encompass only about 12% of the country's total population, they account for nearly half of the national GDP (47% in 2001; National Bureau of Statistics 2002) .
Although the government has also supported increased urbanization of small towns (Bai 2002) , it is the large city clusters that are expected to drive economic development for the foreseeable future (Li and Ji 2003) . Even so, it is widely predicted that millions of people will migrate from rural areas to adjacent urban areas over the next several decades, leading to the widespread growth of small and medium-sized cities, some of which are likely to become part of future city clusters. For instance, Henan Province, formerly a relatively poor agricultural province but with the largest population of any of China's provinces, has since grown to become the fifth largest provincial economy in China, based on GDP (2004 statistics; Zhang 2005) . This economic expansion was due primarily to urban migrations and a subsequent shift in the economic base, from agricultural to industrial. Meanwhile, the Central-China plains city cluster in the same province is also growing very quickly. These developments are seen as a rejuvenation of economic strength in central China.
The city clusters have major advantages in terms of regional economic development: the drop in GDP due to environmental pollution resulting from such rapid economic growth has largely been ignored. In 1997, a World Bank report indicated that economic losses caused by environmental pollution in China ranged from 3-8 % of GDP, which attracted the attention of both policy makers and academics (World Bank 1997) . Although later estimates provided different numbers, by the end of the 20th century, economic losses due to environmental pollution were probably around 4-5% of GDP, which is comparable to the 5% estimated for the US in the mid-1970s and the 3-5% estimated for the European Union in the mid1980s (Xu 1998) . However, there are no truly reliable estimates of the impact that pollution from city clusters has on GDP, despite the importance of the issue.
Watershed pollution
China has insufficient water resources. The amount of fresh water available per capita is about one-quarter of the global average of 8513 m 3 per year (2002 statistics; World Bank 2003) . In a survey of more than 600 Chinese cities, two-thirds had inadequate water supplies, while 1 in 6 experienced severe water shortages (Li 2003) . Water pollution caused by rapid urbanization and the formation of city clusters has exacerbated the lack of accessible drinking water. While levels of industrial wastewater discharge have largely stabilized, domestic wastewater has increased considerably. While the total amount of released industrial wastewater fluctuated around 22 billion tons from 1995 to 2004, the domestic sewage discharge increased from 13.1 billion tons in 1995 to 22.1 billion tons in 2000, and up to 26.1 billion tons in 2004 (State Environmental Protection Administration [SEPA] 1995 [SEPA] -2004 . This was due primarily to the enactment of more stringent controls on industrial sources of wastewater; in 2003, 91% of industrial wastewater was treated, in contrast to only 32% of urban domestic sewage (National Bureau of Statistics 2004) .
As a consequence, surface water quality has become an issue of great concern in China. A national survey of seven major rivers in China, carried out in 2004, revealed that water quality measurements in 28% of 412 monitored sections were below grade V, the worst grade in the national standard for water quality in China. These results indicate that, for these sections of river at least, Environmental pollution and city clusters M Shao et al. the water supply is virtually of no practical or functional use, even for agricultural irrigation. For the Haihe River, which provides the cities of Beijing and Tianjin with the bulk of their drinking water, this figure was as high as 57%, and for the Liaohe River, which supplies water to Northeast China, it was 38% (see Figure 2 for the locations of these rivers). Overall, more than 90% of the river sections that flowed through urban areas showed a water quality of grade V or worse (SEPA 1995 (SEPA -2004 . The higher the grade, the worse the water quality; only water with a grade lower than III is drinkable. The same survey suggested that even the water quality of the Yangtze and Pearl Rivers, both of which have relatively abundant water flow, was a cause for concern; approximately 10%
of the monitored sections of these two rivers also revealed water quality worse than grade V, and all monitored sections in the urban area of Guangzhou (on the Pearl River) had water quality around grade V or worse. The water quality of the rivers shown in Figure 2 was characterized only by conventional indicators, such as chemical oxygen demand (COD), ammonia, and volatile phenols, among others. The situation is even more worrisome when endocrine disrupting organic substances are taken into consideration as well . Lake Taihu, the third largest freshwater lake in China, provides a typical example of water pollution caused by city clusters. With a total watershed area of about 36 500 km 2 , Taihu is situated within Jiangsu and Zhejiang provinces. The city of Shanghai, as well as more than 37 other cities and towns, is sited within its watershed. GDP in the area around Lake Taihu increased by a factor of 17 between 1980 and 1998; per capita GDP in the area was three times the national average (State Council of China 1998), while the population density was eight times the national average . The water quality of Lake Taihu has deteriorated greatly during this period (Figure 3 ), largely as a result of this rapid economic growth. The lake remains the most important source of drinking water for the inhabitants of the Yangtze River delta region, but water quality has dropped by approximately one grade level every decade (Qin et al. 2004) , and in 2004 nearly 60% of sampling sites in the lake recorded water quality lower than grade V (SEPA 1995 (SEPA -2004 . As a result, the entire watershed area is now facing a shortage of potable water. Residents in the area who enjoyed the clean water of the lake in the past are now compelled to buy bottled water for drinking.
According to Gao et al. (2003) , over 80% of COD and 70% of total phosphorus originated from urban and residential areas around the lake, with 42% of COD and 60% of total phosphorus derived from domestic sewage discharge. Research has shown that increased phosphorus concentration is the key factor in the worsening eutrophication of Lake Taihu (Dokulil et al. 2000) ; domestic sewage is therefore clearly a major source of water pollution in the lake. Future conversion of agricultural areas in the watershed to urban environments will very probably lead to even greater levels of water pol-lution . The deteriorating condition of Lake Taihu is typical of the problems associated with the increasingly polluted nature of China's sources of freshwater, and illustrates the urgent need to integrate both water pollution and population controls into the planning for future economic development in the country's watersheds.
Regional air pollution
Air pollution is perhaps China's biggest environmental problem. Results from routine monitoring of 360 cities in 2004 revealed that the air quality of nearly 70% of urban areas did not meet the country's national ambient air quality standards (NAAQS), and that nearly 75% of urban residents were regularly exposed to air considered unsuitable for inhabited areas (SEPA 1995 (SEPA -2004 .
China has high levels of sulfur dioxide (SO 2 ) and total suspended particulates (TSP), because coal is the source of 60-70% of its primary energy. Meanwhile, the number of motor vehicles has increased substantially since the mid-1980s, primarily in urban areas and city clusters; in Beijing, for example, the number of vehicles increased from 0.5 million in 1990 to 2 million in 2002 (Beijing Municipal Bureau of Statistics 2003) . The growing number of cars and trucks has led to much higher levels of atmospheric nitrogen oxides throughout the country, but especially in urban areas.
Since 2000, high concentrations of aerial particulate matter with diameters less than 10m (PM 10 ) are the most frequent cause of NAAQS grade II violations (that is, an average annual concentration of such particulate matter at concentrations ≤ 100 g m -3 ). In Beijing, the annual average level of PM 10 fluctuated around 160 g m -3 from 2000 to 2004 (Beijing EPB 2005 ) . Megacities such as Beijing, Shanghai, and Guangzhou are frequently among the cities of the world with the highest levels of airborne particulate matter (UNEP 2002) .
Large areas of China are exposed to high levels of particulate pollution (Figure 4 ). For example, the vast region extending from the North China plain down to the Yangtze River delta and the heavily urbanized Pearl River delta region show aerosol optical depths (AOD) of 0.6-0.8 (AOD is an index describing the absorption of light due to atmospheric particles ie the opaqueness of the air). In contrast, the AOD for Europe measures between 0.5 and 0.1 for industrialized and rural areas, respectively (Gonzales et al. 2000) . A study of 30-year variations of atmospheric AOD in China showed that levels increased by 9.5% from 1970 to 1979 and by 21.8% from 1980 to 1989 (Luo et al. 2002) .
In recent years, the "gray sky" phenomenon has been the subject of growing public concern ( Figure 5 ). Research shows that high levels of ambient fine particles (PM 2.5 , ie airborne particulate matter with diameters less than 2.5 m) lead to poor visibility (Song et al. 2003) . In 2001, the concentration of PM 2.5 in Beijing averaged 110 g m -3 , more than seven times the ambient air quality standard recommended by the US Environmental Protection Agency for fine particulate matter . Fine particle pollution in urban areas poses a serious health risk to residents, but particularly to individuals who suffer from respiratory ailments, the elderly, and children Li et al. 2005) . Such severe fine-particle pollution is seldom observed in developed countries.
The very high PM 2.5 levels are most probably the result of secondary particle production due to chemical reactions in the atmosphere. Ground-level ozone (a typical component of photochemical smog) is formed by the reactions of NO x and volatile organic compounds (VOCs) under solar radiation (Haggen-Smit 1952) . Areas of elevated fine particulate concentrations can also form downwind of the precursor source areas if there is considerable movement of air. More importantly, atmospheric oxidation capacities are enhanced by increasing O 3 concentrations (Wennberg et al. 1998) . Thus, SO 2 , NO x , and volatile organic compounds will be transformed into fine particles (ie PM 2.5 ) more efficiently where O 3 concentrations are higher due to increased rates of oxidation. High concentrations of ground-level ozone have been observed for many years in China's urban areas. For example, researchers at Peking University measuring the diurnal variations of episodic ground-level ozone in .
Environmental pollution and city clusters M Shao et al.
Beijing from 1982 to 2003 found that O 3 concentrations have increased sharply since the 1990s, and often exceed 200 ppb ( Figure 6 ). A similar study in the Yangtze River delta region showed that high ozone concentrations are also often found at sites some distance removed from urbanized or industrial regions .
Such high levels of both primary and secondary airborne pollutants lead to the development of a (perhaps typically Chinese) "air pollution complex" concept ( Figure 7) . The main purpose of the air pollution complex model is to underscore the variety of interactions of airborne pollutants in China: how increased atmospheric oxidation capacity, caused by the formation of ozone, will speed up the conversion of SO 2 , NO x , and VOCs into sulfates, nitrates, and particulate organic matter, and how these fine particles, in turn, play a catalytic role in further heterogeneous reactions (Ravishankara 1997) . While it is true that these processes are observed in many locations around the world, the conditions prevalent in China -high concentrations of SO 2 , oxidants, and their precursor components, as well as the comparatively high concentrations of suspended particles, etc -result in a level of aerial chemical interactions that is probably unique to the country.
In recent years, intensive efforts have been made to reduce air pollution in China. Countermeasures, such as adapting energy production (including shifting primary energy production from coal to gas), reducing sulfur emissions through increased use of low-sulfur coal and fuel gas desulfurization, and promoting more stringent vehicular emission standards as well as switching to non-leaded gasoline, have been implemented in urban areas throughout the country. These measures have, to some extent, slowed the rate of increase of pollutant emissions ( Figure  8 ). Nevertheless, while these measures might be effective for the abatement of some primary pollutants, they are insufficient for the control of secondary pollutants and the resulting chemical interactions that form the core of the air pollution complex model. The pollution complex concept might also be applicable to water pollution, in view of the interactions between aqueous pollutants (eg metals, nitrogen, and organic material) and the interfaces among water, sediment, and aquatic organisms. Furthermore, exchange of GB3095-1996) . materials between the atmosphere, pedosphere, and the terrestrial and aquatic ecosystems (eg the nitrogen cycle) links air, water, and soil pollution together, suggesting that the control of the pollution complex requires an integrated approach. While abundant expertise from Europe and the US is available to address pollution problems (such as photochemical smog, acid deposition, and suspended particles), the knowledge and experience needed to find solutions to the unique pollution complex in China are still lacking.
Challenges for future development
The Chinese Government has set as a goal the doubling of the country's GDP (using 2000 as the baseline) by 2010, and quadrupling it by 2020. As a result, each province and city, from the coastal areas to the western parts of China, has created its own economic development plans accordingly. A new round of rapid economic development is therefore expected to spread across the country. More city clusters will be generated as a result, and the natural environment will be subjected to even greater stress. If, by 2020, 50% of China's population live in towns and cities, domestic water needs will be double those of 2000, while industrial use will increase 1.5 times (Peng 2002) . As water consumption rises, so too will the amount of discharged domestic sewage, by a factor of at least 1.3 (Han 2004) . Should effective countermeasures not be taken, China's already fragile freshwater ecosystems will come under even greater strain.
Low energy efficiency is one of the main causes of air pollution in China. Currently, the nation is one of the world's biggest consumers of energy and materials, but is very inefficient in the use of these resources (Imhoff et al. 2004) . While China's GDP accounted for only onethirtieth of the total global GDP, raw material consumption rates were much higher; for instance, China's steel, coal, and cement consumption accounted for 25%, 33%, and 20% of world totals, respectively (Guo 2004 Figure 8 . GDP, number of cars, and emission of SO 2 , smoke and dust, and discharge of COD in China, 1995-2004. (Data on GDP and private cars from the National Bureau of Statistics [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] ; data on emissions of SO 2 , smoke and dust, and COD discharge from SEPA [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] .)
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sions from motor vehicles will quadruple during the same period, carbon monoxide and hydrocarbon levels will triple, and NO x and PM levels will also remain at high levels (CAE 2003) . Increasing China's already severe air pollution will substantially increase the incidence of respiratory diseases throughout the country, as air pollution is estimated to be the primary cause of nearly 50% of all respiratory ailments (Brunekreef and Holgate 2002) . According to UN Environmental Programme statistics (1999), soot and particle pollution from the burning of coal causes approximately 50 000 deaths per year in China, while some 400 000 people suffer from chronic bronchitis annually in the country's 11 largest urban areas. The UN Development Programme estimated that the death rate from lung cancer in severely polluted areas of China was 4.7-8.8-fold higher than in areas with good air quality (UNDP 2002). Extrapolating from current emission levels and trends, the World Bank estimated that by 2020 China will need to spend approximately US$390 billion -or about 13% of projected GDP -to pay for the healthcare costs that will accrue solely from the burning of coal (World Bank 1997) .
A recent study on sustainable energy strategies for China indicates that by means of improvements in energy efficiency and some restructuring, the projected quadrupling of the country's economy would require only a doubling of current energy consumption rates (Zhou 2003) . Implementing sustainable energy strategies will greatly improve China's energy efficiency by 2020, and CO 2 emissions, remaining high in terms of emissions per unit GDP when compared with other countries, will be greatly reduced as well.
It is now widely accepted in China that the course of economic development projected to occur over the next 20 years must avoid the pitfalls of high energy and resource consumption, widespread pollution, and the low rates of return that characterized the expansion of the Chinese economy over the previous 20 years. The World Bank and the Global Environment Facility have financially supported the development of three Energy Management Companies (EMCs) in China, and this has helped to identify and eliminate energy inefficiency, but a similar approach is needed for the conservation of water and other natural resources as well. To realize this goal, laws and regulations promoting a cyclical economy must be introduced, so that producers, consumers, governmental organizations, and the media all bear social responsibilities equally. Greater investment in the technologies that would promote a cyclical economy is also required, including technologies for the re-utilization of industrial and agricultural waste material. Finally, education programs designed to increase public awareness concerning current environmental issues and the incorporation of resource conservation into economic planning are essential for China's future development.
Conclusions and suggested strategies
China's economic growth over the past 20 years has brought many benefits to its citizens, but at the cost of an exponential increase in pollution over a relatively short time (Liu and Diamond 2005) . City clusters, where both economic activity and large populations are concentrated, suffer from extensive environmental degradation. China's unique pollution complex, characterized not only by high levels of primary pollutants but also by the interactions between them, and by their spread from source locations, leads to complicated regional problems. The large-scale watershed pollution and air pollution complex will continue to worsen if stringent measures to protect the environment are not taken soon.
The realities of both economic losses and increasing mortality rates due to pollution have prompted a very serious consideration of future developments, and as China enters into a new phase of development and economic prosperity, it finds itself at a crossroads. Will the country continue down the same road as in the past two decades, or will environmental quality, energy efficiency, and the conservation of resources no longer be sacrificed at the altar of economic development? C hina is a populous country with scarce resources and relatively poor natural conditions. As a result of the monsoon climate, rainfall occurs unevenly throughout the year. China's annual precipitation is about 6.2 trillion m 3 , which corresponds to a depth of 648 mm over the entire country (9.6 million km 2 ; (Qian and Zhang 2001) .
There are about 2300 lakes (excluding seasonal lakes) in China, each with a water surface area larger than 1 km 2 . These include 12 large lakes, each with a surface area greater than 1000 km 2 . The total surface area of all China's lakes is 72 000 km 2 and the total storage capacity is 709 billion m 3 , comprising 32% of the total fresh water storage capacity (Qian 1994 ). In addition, there are also some 85 000 reservoirs which, in 1998, had a combined storage capacity of 458 billion m 3 , equivalent to 17% of the total annual runoff (Gu 1999) .
Variability across the country
Correlation analysis (NIWA and IWHR 1998) suggests that China's major river systems (Figure 1 ; Table 1 ) fall into five categories: (1) the Songhua-Liao watershed group in the northeast; (2) the Hai-Luan watershed group, Yellow watershed, and Huai watershed group in the northcentral region; (3) the Yangtze watershed, Pearl watershed, and southeast watershed group; (4) the southwest watershed group; and (5) the inland watershed group.
The major source of water to all the watersheds is rivers. , about a quarter of the world average. As a result, China faces an imbalance between the supply and demand of water for agricultural and general population use. Poor water resource development, wasteful usage, and water pollution are all exacerbating the problem. Water-related issues have seriously hampered economic development in China, especially in recent decades, while the country has undergone rapid economic growth. Implementing a sustainable water resource strategy is therefore vital. To meet the goals of national economic reconstruction and development, and to solve the water shortage problem, China's "Water Agenda 21" was formulated in 1998. This paper focuses on the implementation of this strategy and discusses China's approach to solving its water-shortage problems in order to safeguard sustainable socioeconomic development.
REVIEWS REVIEWS REVIEWS

Front Ecol Environ 2006; 4(7): 362-368
In a nutshell:
• China's economic growth has been hindered by a shortage of fresh water • To balance water supply and demand and safeguard economic development, China's "Water Agenda 21" was introduced in 1998 • This aims to minimize water shortages and water pollution and to meet the basic water needs of urban inhabitants, agriculture, and the environment • Progress has been made in improving urban living standards, balancing economic development and poverty alleviation, securing food supplies, conserving soil and water, and protecting ecosystems • Nevertheless, further effort is required, particularly in integrating water resources management and mobilizing the private sector
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Taking into account the duplication between surface water and groundwater flows, the groundwater contribution is only significant on the plains, particularly in northern China (NIWA and IWHR 1998) . Elsewhere in the country, groundwater contribution is negligible. Table 2 gives the average water availability in 1993, relative to population density, urbanization rate, income levels, and arable land. The area south of the Yangtze accounts for 81% of China's water, but only 54% of its population and 35% of the arable land. Thus, per capita water availability for the area south of the Yangtze is about four times greater than that for the region to the north of the Yangtze, and the per ha water availability for arable land south of the Yangtze is about eight times greater than that to the north of the river. In general, less than 1700 m 3 of water per capita represents water stress, while less than 1000 m 3 per capita is classified as a water shortage. Water resources in the Hai-Luan watershed group are as low as 245 m 3 per capita, increasing to only 355 m 3 per capita when the net contribution of groundwater is included. Availability in the Huai and Yellow River watersheds in northern China is greater, but is still less than 1000 m 3 per capita.
In contrast, water is abundant in the south and southwest of the country. Inland watersheds account for about 35% of China's land area; although water availability per capita is normally good, local desert communities face extreme shortages. Water availability for irrigation is typically a limiting factor in North China, but land rather than water is the limiting factor in South China ( Table 2 ). The situation in areas varies; average water availability tends to exceed evaporation rates in inland watersheds, suggesting that there is still potential for increased irrigation.
Variability throughout the year
Water availability varies greatly at different times of the year (Table 3) . Annual variability is greater in the north (eg the Songhua-Liao, Hai-Luan, and Yellow watersheds) than in the south (eg the Yangtze and Pearl watersheds). There can also be wide variability at the sub-watershed level; typhoons and atmospheric depressions can dump huge quantities of water in the space of a few days, leading to substantial changes in river levels, followed by flooding. The relative stability of inland river flows is due to the continuous influence of snowmelt, which can mask differences at the sub-watershed level.
This variability leads to alternating floods and droughts (Xu and Dai 2002) . Historically, floods have been a serious problem in China, so flood alleviation and control remain a major concern in most regions ). Construction of storage reservoirs and levees has resulted in a variable degree of protection from flooding, but huge areas of the country remain vulnerable. Even the large cities may only be protected against a 40-year flood, with protection often achieved at the expense of rural areas. Drought primarily affects northern and inland watersheds . They can be offset by making use of groundwater in dry years, notably in the North China Plain, but this has only limited potential when superimposed against general, and increasing, scarsity. In contrast, typhoons and tropical storms are predominantly a feature of the southern coast, where they are relatively frequent during the early and late monsoon months and can cause great damage.
Deterioration in quality
China's water pollution problems are increasingly alarming. Table 4 shows that the discharge of wastewater and 
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www.frontiersinecology.org © The Ecological Society of America pollutants has increased since 2000; the total amount of discharged wastewater in 2004 was 48.24 billion tons, of which 22.11 billion tons was discharged industrial effluent and 26.13 billion tons was domestic sewage. At the same time, the chemical oxygen demand (COD) discharged reached 13.39 million tons, of which 38% came from industrial sources and 62% from domestic households. A total of 1.33 million tons of ammonia-nitrogen was discharged, of which 33% came from industry and 67% from domestic sources. Moreover, some untreated or poorly treated wastewater and sewage are discharged directly into rivers, lakes, and reservoirs, resulting in different levels of pollution. Some freshwater lakes are experiencing severe eutrophication and shallow groundwater has also been polluted in some areas. Water pollution has exacerbated environmental degradation and further aggravated the imbalance between supply and demand, threatening sustainable use of water resources.
Formulation of China's "Water Agenda 21"
As mentioned above, China is subject to severe floods and droughts; this leads to water shortages and a serious imbalance between water supply and the requirements for industrial and domestic use and environmental needs. In the northern part of the country and the inland watersheds, overexploitation of water resources from some rivers has led to successive drying of river courses, particularly in the lower reaches. In some regions, overuse of groundwater has caused serious regional declines in the groundwater table, creating a series of ecological problems, including large-scale land subsidence, disappearance of wetlands, and environmental deterioration (Liu and Chen 2001) . In addition, the problems of water pollution and soil and water loss are very serious, severely affecting efforts to harmonize population growth, natural resources development, environmental protection, and the preservation of ecosystem services. This has hampered China's socioeconomic development (Wang 2002) . China needs to implement a sustainable water resource development strategy that will strengthen its water infrastructure, protect ecosystems, conserve and protect its water resources, control water pollution, and promote the sustainable use of water resources throughout the country. In the 1990s, the Central Government promulgated China's Agenda 21 (GPRC 1994) . As a result, a number of studies on water were conducted, including reports on sustainable water resource development (Liu and He 1996), relationships between water, the economy, and society (Chen 1997; Huang 1997) , water financing , and water conservation (Jiang 1997) . Based on this work, China's Water Agenda 21 (MWR 1998) was formulated. Priority was given to addressing water shortage and pollution issues, and to meeting the basic water needs of urban inhabitants, industry, agriculture, and ecosystems. Water Agenda 21 outlined policies for sustainable water resource development and listed key actions and projects. Ever since the period covered by the national Ninth Five-year Plan (1996 Plan ( -2000 , sustainability has become the basic guiding principle for socioeconomic development in China. As a result, a sustainable water resource development strategy, as outlined in Water Agenda 21 (MWR 1998), has been implemented. This has led to increased control and development of water resources in the country's major watersheds, and an improvement in the potable water supply and sanitary conditions in impoverished areas. More emphasis has been placed on the improvement of irrigation systems for the purpose of conserving water, on ecofriendly construction with regard to soil and water conservation, on the prevention and control of water pollution, and on comprehensive environmental improvement. The water infrastructure in the western part of China has been strengthened.
In line with China's Water Agenda 21, action plans were formulated in the Yangtze watershed (Yangtze River Commission 1998), the Huai watershed (Huai River Commission 1998), the Yellow watershed (Yellow River Commission 1998), the Hai and Luan watersheds (Hai River Commission 1998), Taihu Lake (Taihu Lake Management Bureau 1998), the Songhua and Liao watersheds (Song and Liao Rivers Commission 1998) , and the Pearl watershed (Pearl River Commission 1998). These plans have guided water resource development in each of these watersheds.
A sustainable water strategy to support national socioeconomic development
In 1995, the Central Government decided to further strengthen water resource development (The State Council of GPRC 1996) . Consequently, a medium-and long-term national plan that would balance water supply and demand (NIWA and IWHR 1998) was developed. The plan emphasized better allocation, more efficient use, and stronger protection of water resources. The implementation of this plan helped to mitigate water shortages in north China; for instance, during the drought of 2000, such integrated water resource management prevented the lower reaches of the Yellow River from drying up at certain times of the year, as had previously occurred.
In 2001, the Central Government placed a high priority on working towards sustainable economic and social development (The State Council of GPRC 2001). Recognizing that sustainable use of water resources is a strategic issue in China's development, the plan called for the implementation of vigorous measures to strengthen the water infrastructures, and strongly encouraged protection and sustainable management of water resources. In urban and associated industrial and agricultural development, the carrying capacity of water resources and efficiency of water use had to be taken into consideration. The plan also called for various water-saving technologies and measures to be comprehensively implemented, and for the development of low water consumption industries. Finally, the plan encouraged the general public to become much more aware of the need for water conservation, and recommended that traditional methods for conserving water be replaced with new technologies.
Actions and progress towards sustainable water use
Urbanization and living standards
Since the 1990s, the process of urbanization and the construction of new urban facilities has continued to accelerate. From 1992 to 2000, the populations in cities and towns in China increased by 132 million people and the rate of urbanization increased from 27.63% to 36.09% (NBS, 1992 (NBS, , 2000 . This has been accompanied by water shortages in cities and towns, flooding, and drainage and aquatic environmental problems. Four hundred of the 668 cities in China suffer from some degree of water shortage (MWR 2002) . Of these, 108 cities have serious water shortages, of the order of about 6 billion m 3 annually. Six hundred and twenty-five cities are subject to floods and waterlogging, due to inadequate flood control measures and poor drainage systems (MWR 2002). As a result of the continuous increase in domestic and industrial wastewater discharge and the insufficient sewage treatment capacity, some of this wastewater is discharged, untreated, directly into rivers, lakes, or the seas, causing varying degrees of water pollution. Consequently, the Central Government, focusing attention on urban construction, introduced policies governing the urban environment and the development of infrastructure to regulate urban floods and the water supply. These policies emphasized that any new plans for urban development must take into consideration the capacity of the local water resources and must include the construction or improvement of municipal flood control measures. Regulations also covered the water supply infrastructure, municipal water pollution control, industrial wastewater treatment, and the comprehensive management of the urban environment (Qian et al. 2002) . Beijing is a good example of this new approach being put into practice; the city's green riverbanks and clear lakes contribute to the urban environment and preserve its ancient culture (Figure 2 ).
Economic development and poverty alleviation
In 1992, more than 88 million people living in rural areas of China did not have access to safe drinking water, with most living in border regions or areas characterized by ethnic minority populations or extreme poverty. In such areas, water shortages are often accompanied by soil erosion and electricity shortages. Since 1992, there has been some progress towards improving agricultural production and living conditions in these regions; nevertheless, there are still more than 24 million people without access to safe drinking water and who have only limited access to electricity. To improve this situation, efforts have been made to propel economic development in the affected areas through water resource development. These include the construction of drinking water treatment plants and the provision of electricity to rural areas at the county level, as well as soil and water conservation. Small and mediumscale water projects in poorer areas have served to promote water resource development and poverty alleviation.
Increasing food supplies
About two-thirds of China's population inhabit rural areas. While the country has a large population, there is relatively little farmland and few agricultural resources per capita; moreover, Chinese farmers represent the country's lowest income group. In order to improve farmers' living standards and food production, central and local governments have intensified the development of irrigation and water conservation systems and the rural infrastructure, and improved low and middle yield croplands (Shen and Wang 2001) . Figure 3 provides a view of farmland in a coastal region of China, where the economy has improved and the focus has shifted from purely agricultural to contributing to the national economy, and from only stressing social benefits to considering all aspects of social, economic, and environmental benefits. The new strategy combines the development of farmland irrigation systems with rural economic development, rural road construction, and modernization of rural communities.
Soil and water conservation
China has one of the most serious soil erosion problems in the world. The affected area covers 3.67 million km 2 , representing 38% of the country. About 1.79 million km 2 of the affected area is the result of water erosion, while 1.88 million km 2 is due primarily to wind erosion. The Loess Plateau, a large area of silty, erosionprone soil along the upper and middle sections of the Yellow River, is subject to serious soil erosion. This leads to loss of usable land, flooding and drought, and sandstorms. Water and soil erosion are among the top environmental problems in China. Tackling them requires strict land and water management through improved policies and law enforcement, better water and land use planning, and the development and implementation of water and soil erosion monitoring systems (Shi and Lu 2001) . Figure 4 illustrates an ecological restoration project in Wuqi County, Shaanxi Province, China.
Protecting ecosystems
Protection of water resources and the aquatic environment has been given top priority in the ecological restoration of China. Some progress has been made, including the formulation of water resource protection plans, the implementation of monitoring and alarm systems for water quantity and quality, the protection of wetlands and other water sources, and the strengthening of integrated management of water resources (Qian et al. 2002 ). An example of a project to improve the water quality of Taihu Lake is shown in Figure 5 .
A long road ahead
It is encouraging to see that China has taken its own practical approach to solving some of its water-related problems and that progress, while limited, has been made. However, there are still many challenges to overcome. Badly planned development and use of water resources, wastefulness, and water pollution continue to cause shortages. Population growth, economic and social development, urbanization, and improvements in living standards will lead to even greater demands for water, and the Chinese people's expectations for water, in terms of both quantity and quality, continue to rise. As China continues to modernize and develop its economy, this will exacerbate the imbalance between supply and demand, making water resources the major obstacle to realizing the strategy of sustainable development. Much work is still needed, particularly with regard to integrated water resource management and private sector involvement.
Water management in China is still plagued by fragmentation at both the local and central levels, and within sectors (agriculture, environment, urban construction, etc). As a result, there is a multiplicity of public agencies, with overlapping responsibilities for managing water, leading to inefficiencies in the decision-making process. The situation requires new institutional arrangements supporting a holistic approach, uniting all stakeholders in order to facilitate more efficient and effective water management. This approach should be based around watersheds rather than being influenced by political or administrative boundaries, thereby encouraging water-related agencies to coordinate their activities and establish mutually agreed-upon priorities for investment, regulation, and allocation. Traditionally, water resource development and management are financed by central or local governments in China. This demands huge capital investment. On the one hand, the need for capital has already become the burden of various levels of government; on the other hand, the economic strength of the private sector in China has increased enormously in recent decades and has been accompanied by rapid national economic growth. These private companies are capable of, and have expressed interest in, investing in and managing public facilities. Public-private partnerships in the water sector have begun to develop and should be encouraged through the introduction of relevant rules and regulations. G lobal biodiversity is decreasing at an unprecedented rate, in parallel with the rapid growth of the human population (DeFries et al. 2004) . Among ecosystems that support high biodiversity, wetlands occupy only about 1% of the Earth's surface, but provide habitat for about 20% of the world's species (Dugan 1993) , especially endangered and endemic species. For example, approximately 50% of the endangered bird species in China inhabit wetland ecosystems (Wetland International [China] 1998). However, these biologically rich ecosystems have undergone dramatic reductions. The ecological consequences of these changes to wetlands, and the resulting loss of biodiversity, have elicited considerable concern (Gibbs 2000) .
The Central Yangtze refers to the section of the Yangtze River Basin that extends from Yichang in Hubei province to Hukou in Jiangxi province (Figure 1) , and includes a number of ecologically and economically valuable lakes and wetlands. Dongting Lake, Poyang Lake, and the lakes in the Jianghan Plain and Anqing region, together with the Yangtze River and its tributaries, provide important habitats for aquatic animals and plants. This area is also an important stopover and breeding ground for birds migrating through Eurasia (Kanai et al. 2002) . More than 300 species of waterfowl, about 200 fish species, and approximately 95% of the world's wintering Siberian crane (Grus leucogeranus) depend on these wetlands (Wu and Ji 2002) . It is also an important habitat for the endangered Baiji (or Chinese river) dolphin (Lipotes vexillifer), a freshwater cetacean that inhabits the Yangtze River. Because of its many vital ecological functions and unique biodiversity, the Central Yangtze has been designated by WWF as one of the Global The Central Yangtze ecoregion in China includes a number of lakes, but these have been greatly affected by human activities over the past several decades, resulting in severe loss of biodiversity. In this paper, we document the present distribution of the major lakes and the changes in size that have taken place over the past 50 years, using remote sensing data and historical observations of land cover in the region. We also provide an overview of the changes in species richness, community composition, population size and age structure, and individual body size of aquatic plants, fishes, and waterfowl in these lakes. The overall species richness of aquatic plants found in eight major lakes has decreased substantially during the study period. Community composition has also been greatly altered, as have population size and age and individual body size in some species. These changes are largely attributed to the integrated effects of lake degradation, the construction of large hydroelectric dams, the establishment of nature reserves, and lake restoration practices.
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• The large collection of lakes in the Central Yangtze region of China has decreased substantially in size and number over the past 50 years • An increasing human population, greater food production, and overfishing are the major causes of lake degradation • Biodiversity losses have also been observed among aquatic plants, fish, and waterfowl, at community, population, and species levels • Lake degradation, the construction of large dams, the establishment of nature reserves, and lake restoration practices are the primary forces driving these changes in biodiversity 200 priority ecoregions for conservation (Olson and Dinerstein 1998). Nevertheless, intensive land reclamation over the past several decades has replaced floodplains and lakes with agricultural areas and urban settlements. For example, in the 1930s, the surface area of Dongting Lake covered 4955 km 2 , but had decreased to ~2500 km 2 by the late 1990s, and the lake was divided into three sublakes (East, West, and South Dongting Lake; . In the 1950s, there were 414 lakes with surface areas greater than 1 km 2 in the Jianghan Plain, but by 1998 this number had fallen to 258 . Wetland degradation has resulted in serious negative ecological consequences, including increased flooding, a decline of biodiversity, and extinction of a number of endemic species .
Several studies have documented the changes in aquatic biodiversity patterns and community structures in various rivers and lakes in the Central Yangtze at different periods since the 1950s (eg ; however, an integrated analysis on the status of biodiversity changes is not yet available. Here, we review biodiversity changes at the community, population, and species level for aquatic plants, fish, and waterfowl in the Central Yangtze. The objectives of this review are to: (1) provide basic information on the changes in the lakes over the past 50 years using historical land cover information and remote sensing data; (2) review the changes in biodiversity based on analyses found in the Biodiversity in the Central Yangtze JY Fang et al.
literature; and (3) summarize major factors that have led to the changes in biodiversity. Although our review focuses on a period beginning in the 1950s, some of the biodiversity data were available only from the 1960s, as a result of changes in China's policy on restriction of information and investigation methods during that period. In addition, we did not perform statistical analyses on some aspects of biodiversity changes because of insufficient data. The data sources used in this review were gathered from different publications and reports and are listed in WebTable 1.
Changes in lake size
In order to understand the effects of the changes in lake size on biodiversity, we documented the current distribution of lakes in the Central Yangtze, using Landsat Thematic Mapper (TM) remote sensing data (Figure 1) . Figure 1 was generated from eight non-cloudy Landsat TM images in the dry season of 1998 (mostly from October to December). The satellite images were classified into six land-cover types (settlement, cropland, shrub, forest, water body, and barren land) on the basis of the multispectral classification algorithm (maximum likelihood), using Erdas Imagine 8.4. Only data on water body type was exported to ArcView GIS software for data analysis . Figure 2 illustrates changes in water surface area (lake size) for some of the major lakes in the study area between the 1950s and the late 1990s. Information on the size of the lakes in the late 1990s was taken from Figure 1 , and data for the 1950s was obtained from land-cover maps made during that period (scale of 1:200 000). For further details on the data and on data processing, see Fang et al. (2005) .
The results showed that the surface area of most of the lakes shrank dramatically in the late 1990s, as compared to the 1950s: 31 of 33 lakes experienced a marked decline in size, while only two (Changhu Lake and Huamahu Lake) showed an increase (Figure 2 ). The term "changing rate of lake size" was used to evaluate the magnitude of lake degradation, and was obtained by dividing the difference in lake size in the 1990s and in the 1950s by the lake size in the 1950s. This revealed that 14 lakes had decreased in size by 50-100%, another 10 lakes had been reduced by 25-50%, and a further seven by 0-25% (Figure 2 inset) .
These reductions in surface area were mainly the result of the practice of impoldering (a type of land reclamation that encroaches on lakes and their associated wetlands for Datonghu; 3. Niulanghu; 4. Guhu; 5. Changhu; 6. Honghu; 7. Paihu; 8. Laoguanhu; 9. Diaochahu; 10. Futouhu; 11. Luhu; 12. Guanlianhu; 13. Wangmuhu; 14. Qinglinghu; 15. Huangjiahu; 16. Nanhu; 17. Donghu; 18. Beihu; 19. Wuhu; 20. Liangzihu; 21. Yaerhu; 22. Zhangduhu; 23. Huamahu; 24. Dayehu; 25. Wanghu; 26. Taibaihu; 27. Longganhu; 28. Huangdahu; 29. Pohu; 30. Wuchanghu; 31. Poyanghu; 32. Banghu; and 33 . Dahuchi. agricultural purposes, through the construction of dikes and drainage structures; . Natural processes, such as sedimentation and interannual changes in climate may also cause reductions in lake surface area (Du et al. 2001 ), but the contribution of natural silt deposition to the decrease in water surface of Dongting Lake, the second largest lake in the region, was estimated as < 7% over the past 70 years . According to Fang et al. (2005) , variations in annual rainfall were also not a major factor in the size decreases of lakes in the Jianghan Plain area.
Figure 1. Distribution of lakes in the Central Yangtze region in 1998, produced from eight non-cloudy Landsat Thermatic Mapper (TM) images in the dry season of 1998 (~October to December). Numbers 1 to 33 represent major lakes, where detailed information on lake size (water surface area) was documented in the 1950s and the late 1990s (most for the year of 1998). 1. Dongtinghu (Dongting Lake); 2.
Changes in biodiversity
Aquatic vascular plants
Over the course of many decades, the number of aquatic vascular species has tended to decrease in six of the eight major lakes in which species were well documented ( Figure 3 ). This was mainly due to loss of certain species which are sensitive to environmental pollution and other habitat changes. For example, at Donghu Lake, formerly dominant species, such as sago pondweeds (Potamogeton maackianus and Potamogeton cristatus), Indian fern (Ceratopteris thalictroides), duck lettuce (Ottelia alismoides), ivy leaf duckweed (Lemna trisulca), Eriocaulon buergerianum, water celery (Oenanthe javanica), Asian marshweed (Limnophila sessiliflora), and dwarf bladderwort (Utricularia exoleta), have mostly disappeared since the 1970s, primarily as a result of increasing pollution (Liu 1995; Yu 1995) . Eight plant species have disappeared from Honghu Lake during the past 50 years ). At Liangzi Lake, which suffers less human disturbance, plant richness did not show any significant change and has fluctuated between 87 and 92 species over the past 30 years, while the number of species at Poyang Lake (the largest lake in this area) has tended to increase since the 1980s, most likely due to the establishment in 1983 of the Poyang Lake National Nature Reserve (Poyang Lake National Nature Reserve 1993). In order to look for an overall trend in the changes to plant species in these lakes, we standardized species richness data for each decade and for each lake by defining the data in the 1990s as a baseline (100), and obtained relative species richness for each decade and for each lake through the calculation
where N 1990 is a lake's species richness in the 1990s and N i represents the species richness for a particular decade.
(The level of species richness of the 1990s was used as the basis for this standardization because richness data for that decade was available for all eight lakes.) We then averaged the values of the relative species richness of all the lakes for each decade, and obtained an overall trend of species richness change from the 1960s to the 2000s. The results suggested a significant decrease (r 2 = 0.93, P = 0.007) in species richness for these eight lakes during the study period (Figure 3 inset) .
Not only did the number of species change, but so to was species composition within aquatic plant communities altered (Table 1) . The dominant aquatic vegetation species at Donghu Lake were common reeds (Phragmites communis), wild rice (Zizania latifolia), and sago pondweed (P maackianus) in the 1950s (Zhou et al. 1963) , but these were replaced by P maackianus, holly-leaved naiad (Najas marina), and Hydrilla verticillata in the 1960s (Chen and He 1975) . P maackianus disappeared during the 1970s-1980s, and N marina became predominant (Yao et al. 1990) . Submersed plants, such as N marina, spiked water-milfoil (Myriophyllum spicatum), and American eelgrass (Vallisneria spiralis), were dominant in the 1990s (Yan et al. 1997 ), but were supplanted by emergent plants such as bulrushes (Typha orientalis) and Indian lotus (Nelumbo nucifera) by 2001 .
The dominant species at Honghu Lake in the 1960s included floating-leaved plants such as water chestnut (Trapa bispinosa) and submersed ones such as P malaianus, V spiralis, and H verticillata), but these were replaced by other submersed plants (P maackianus, M spicatum, and Ceratophyllum demersum) and emergent plants (Hydrilla Figure 1 . and Zizania latifolia) in the 1980s (Li 1982) . By the 1990s, they were further replaced by submersed plants, such as P maackianus, and hornwort (C demersum; Li 1997).
Figure 2. Comparison of the surface area of 33 major lakes in the Central Yangtze region between the 1950s and the late 1990s. Lake sizes were much smaller in the late 1990s than in the 1950s for most lakes. Among the 33 major lakes, the size of 14 lakes decreased by 50-100%, that of 10 lakes by 25-50%, and of seven lakes by 0-25%. Only two lakes (Changhu and Huamahu) increased due to aquaculture (inset). The numbers 1-33 represent major lakes and correspond to those listed in
The dominant species of aquatic vegetation at Liangzi Lake also underwent major changes. The original vegetation consisted primarily of V spiralis, H verticillata, N marina, and brittle naiad (Najas minor) in the 1950s, but had changed to P malaianus, P maackianus, Potamogeton crispus, and C demersum by the 1980s (Jin 1992 ). In the 1990s, areas covered by P malaianus were greatly reduced and largely replaced by P maackianus (Jin 1999) .
Fish
During the study period, substantial changes were also seen in fish diversity at community, population, and species levels ( Figure 4 ). The species richness of fishes in Donghu, Honghu, and Liangzi lakes has tended to decline since the 1960s (Figure 4a ). In Donghu Lake in the 1960s, for example, there were 67 species of fish, but this number had fallen to 38 by the 1990s; nearly half the fish had disappeared, including some rare species, such as Reeve's shad (Tenualosa reevesi), Chinese banded shark (Myxocyprinus asiaticus), the Yangtze grenadier anchovy (Coilia brachygnathus), and bream (Megalobrama skolkovii; Fang 1991; Huang et al. 1995) . The number of fish species in Honghu Lake declined from 74 in the 1960s to 57 in the 1990s (Chang et al. 1995; Song et al. 1999) . Similarly, fish species in Liangzi Lake dropped from 75 in the 1970s to 54 in the 1980s. An important characteristic of the changes in fish species composition is that the proportion of migratory and semimigrant species decreased, while that of resident species increased in the fishing yield. Most importantly, the percentage of typical migrant species, such as Chinese sturgeon (Acipenser sinensis), Yangtze sturgeon (Acipenser dabryanus), Tenualosa reevesi, Japanese eel (Anguilla japonica), and Myxocyprinus asiaticus, declined dramatically, and some have not been observed at all in recent years (Qiu et al. 1998; Yi et al. 1999 ; Zhou et al. 1963; Chen 1975 Chen , 1980 Li 1982; Yao et al. 1990; Jin 1992 Jin , 1999 Wang et al. 1994; Li 1997; Yan et al. 1997; Wu et al. 2003 Zhang et al. 2000) . At Dongting Lake, the yield of four carps (well-known migrant and semi-migrant species in China) -black carp (Mylopharyn-godon piceus), grass carp (Ctenopharyngodon idellus), silver carp (Hypophthalmichthys molitrix), and bighead carp (Aristichthys nobilis) -declined steadily from 21% of the total fishing yield in 1963 to 14.1% in 1981, and to 9.3% in 1999. At the same time, the yield of resident fish species, such as common carp (Cyprinus carpio), goldfish (Carassius auratus), and catfish (Silurus asotus), have increased from 63% in the 1960s to 86.1% in 1999 (Liao et al. 2002) . At Honghu Lake, the yield of semi-migrant species represented approximately 50% of the total yield in the 1950s, but fell to only 0.5% in the 1980s (Chang et al. 1995; Song et al. 1999) . The greatest changes seen in these fish populations have been in body size and age structure of some species. For example, for T reevesii, a very important migrant fish in the Yangtze River, fishing yield statistics showed that in 1962, 2-3-year-old individuals represented only 31% in weight of the total yield of this species, while the remainder was composed of older fishes (4-7 years old). However, in 1986, the percentage of 2-3-year-old fish increased to 92%, while no individuals of 5 years or older were seen at all (Figure 4b ). In addition to this decrease in numbers of older fish, mean individual size (weight per individual) also decreased greatly; in 1962, the majority caught weighed 1-2 kg (63%), with a very small number of < 1.0 kg (1%), while in 1986 individuals of < 1.0 kg made up 41% of the total yield, and there were no individuals > 3.0kg (Qiu et al. 1998 ; Figure 4c ).
Waterfowl
Lakes in the Central Yangtze region are important stopover and breeding sites for migrant birds in Eurasia (Kanai et al. 2002) . Figure 5 shows the changes seen in the waterfowl species at Honghu Lake, Dongting Lake, and Chenhu Lake, where interannual changes in bird populations have been well documented. Wintering waterfowl at Honghu Lake decreased from 36 species in the 1960s to 28 species in the 1990s (Figure 5a ). Of these, geese and duck species (Anatidae) declined from 25 to 20 (Figure 5b ), while in Chenhu Lake 9 species disappeared between the 1980s and the 1990s (Figure 5a ). Geese and ducks at Dongting Lake declined from 31 species at the end of the 1950s to 20 species in 1991-92, and then increased again, to 28 in the period 2000-02 (Figure 5b ; Zhao 2002). The increase seen over the past 10 years was most likely due to the establishment of the East Dongting Lake nature reserve in 1992 (Zhao 2002) . However, seven rare species, including redbreasted geese (Branta ruficollis), whooper swans (Cygnus cygnus), and lesser whistling ducks (Dendrocygna javanica), which were present in 1963, were not observed in 2000-02. Instead, four new bird species appeared: snow geese (Anser caerulescens), pochard (Aythya ferina), scaup (Aythya marila), and goldeneye ducks (Bucephala clangula) (Zhao 2002) . The changes in waterfowl populations in the Central
Yangtze lakes are clearly seen in the variations in populations of Siberian cranes (Grus leucogeranus) at Poyang Lake and the lesser white-fronted goose (Anser erythropus) at Dongting Lake ( Figure 6 ). These were chosen as representative species for these two lakes, respectively, because approximately 95% of the critically endangered Siberian crane winter at Poyang Lake (Meine and Archibald 1996) and about half of the world population of the globally threatened lesser white-fronted geese winter at Dongting Lake (Lei 2000) . Furthermore, relatively long-term monitoring data on waterfowl is available for these two lakes. The population of Siberian cranes at Poyang Lake increased steadily from 730 in the wintering period of (Donghu, Honghu, and Liangzi) 
. (b) Frequency distribution of mean age of T reevesii. (c) Frequency distribution of mean individual size (weights) of T reevesii.
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1983-84 to 2653 during 1988-89, and then remained relatively constant from 1989 to 1995, after which the population began to decrease. The much smaller numbers for the wintering periods of 1992-93 (725 individuals), 1997-98 (960) and 1998-99 (762) (Figure 6a ) were probably caused by flooding in these years (Zhao 2002) .
At Dongting Lake, the population of lesser whitefronted geese increased between the wintering period of 1992-93 and 2001-02 (P = 0.057), and peaked in 1998-99, with a total of 16500 (Figure 6b ). The total extant population of white-fronted geese is estimated to be around 25 000-30 000 individuals (Lorentsen et al. 1999) .
Baiji dolphin
The Baiji dolphin, also known as the Chinese river dolphin, is endemic to the Yangtze River, and is considered to be a "living fossil" whose evolutionary history can be traced back more than 20 million years. However, its numbers have declined rapidly over the past several decades . Historically, it was often observed in the Yangtze River and in Poyang and Dongting lakes. However, population size fell sharply over the past 50 years or so, from 6000 in the 1950s to 400 in 1984, then to 60 in 1998. Most strikingly, it has not been observed at Poyang Lake and Dongting Lake since 1978, suggesting that it may now be locally extinct .
Major factors affecting biodiversity changes
Land-use and land-cover change
Land-use and land-cover change affects habitat availability and consequently leads to alterations in biodiversity (DeFries et al. 2004) . Over the past 50 years, the Central Yangtze region has experienced extensive land-use and land-cover changes. For example, impoldering land reclamation through drainage techniques in this region resulted in a decline in biodiversity and even extinction of some endemic species . Increased levels of impoldering have caused a substantial loss of spawning areas for the common carp at Poyang Lake, from 5.2 x 10 4 ha in 1961 to 2.6 x 10 4 ha in 1984, thereby greatly decreasing population size (Zhang 1988) . Urbanization has rapidly encroached on most wild habitats, including forests and lake areas, leading to declines in lake size, deterioration of water and air quality, and loss of biodiversity (Li et al. 2006) .
Environmental pollution
Environmental pollution is one of the principal threats to biodiversity in the Central Yangtze region (Xie and Chen 1999) . The strategy used to stop the expansion of schistosomiasis in the Yangtze River essentially comprised the mass release of chemicals between 1955 and the 1980s designed to control the vectors of the disease, and while successful, this approach led to a serious deterioration in water quality and severely impacted biodiversity (Yuan et al. 2002) . For example, at Poyang Lake, waterfowl numbers fell sharply between 1971 and 1978, when the schistosomiasis control program was being implemented (Poyang Lake National Nature Reserve 1993). Donghu Lake, a shallow urban lake, was classified as mesotrophic (narrow range of nutrients and intermediate in water quality) in the 1950s, but deteriorated to become hypereutrophic (nutrient-rich, characterized by major algal blooms and poor water quality) by the 1980s, due to accelerated levels of eutrophication. Consequently, phytoplankton proliferated rapidly, greatly reducing light penetration through the water column. This is one of the major reasons why aquatic vascular vegetation, particularly submersed macrophytes, declined or disappeared altogether (Yan et al. 1997; Wu et al. 2003) .
Noise pollution can also be classified as a form of environmental pollution. Intensive shipping noise has greatly disturbed the growth and development of the Baiji dolphin, and may be a factor in the decline of its population size (Hua et al. 1995) .
Overexploitation
The increasing amount of aquaculture being carried out in the Central Yangtze floodplain has also had serious negative effects on biodiversity. Peng et al. (2004) argued that fish being bred in Honghu Lake grazed on aquatic vegetation, especially submersed macrophytes, thereby decreasing aquatic vascular plants and vegetation coverage. At Donghu Lake, the loss of P maackianus, a dominant submersed vascular plant, was closely associated with overstocking of grass carp (C idellus; Chen 1980). Overexploitation of fish resources is another major cause of the dramatic fall in the number of wild fish species in most lakes in this area. The use of certain fishing techniques, such as dense-aperture nets, bombing, poisoning, and electric shocks, has severely affected breeding and regeneration of fish species in some lakes (Zhang 1988) .
Large hydroelectric projects
Large dams cause habitat loss, alter the reproductive environments of some species, and block migration routes, leading to a substantial decline in biodiversity (Stanley and Doyle 2003; Wu et al. 2004) . The construction of the Gezhou Dam in the upper-Central Yangtze River in 1981 led to a sharp decline in the populations of three endangered and endemic ancient fish species, Chinese sturgeon (A sinensis), Yangtze sturgeon (A dabryanus), and Chinese paddlefish (Psephurus gladius), which are being prevented from reaching their traditional spawning areas in the Jinsha River (in the upper reaches of the Yangtze River) by the dam . The ongoing Three Gorges Dam Project, the largest hydroelectric dam in the world (38 km upstream from Gezhou Dam), will have catastrophic consequence for fish, most especially to the migrant species in the middle and lower reaches of Yangtze River, by damaging the new spawning sites already formed below and above the Gezhou Dam and completely blocking the upstream migration routes of fish (Xie 2003) . These large dams impact not only fish, but many other aquatic and terrestrial species as well (Wu et al. 2004) .
The Central Yangtze is characterized by an interconnected network of water systems, including the river and its tributaries, and a large number of shallow lakes. The dams and dikes built to control flooding from the early 1950s through to the end of the 1970s caused almost all of the shallow lakes to become separated from the Yangtze River; only Poyang Lake and Dongting Lake remain connected. The separation of the lakes from the river and its tributaries has cut off the traditional migratory route of many fish and restricts the species exchange between the lakes and the river, which is another cause of the decline in fish species in the lakes (Huang et al. 1995; Song et al. 1999) .
Establishment of nature reserves and lake restoration projects
The implementation of China's sustainable development strategy and a growing awareness of environmental protection and biodiversity conservation in the Central Yangtze, a biodiversity hotspot, have raised considerable concern. Mostly within the past 20 years, 16 national and local nature reserves have been established in this area and are playing an important role in protecting biodiversity (Fang et al. 2006) . For example, since the establishment of the nature reserves, Poyang Lake and East Dongting Lake have become the most important overwintering sites for the Siberian crane and lesser whitefronted goose, respectively ( Figure 6 ).
Historically, impoldering was carried out in the Central Yangtze to support a growing human population, and instances of this land reclamation practice increased from the early 1950s to the late 1970s (Shi 1989) . The negative impacts, together with a growing awareness of the importance of wetlands, have lead to the establishment of policies to protect and restore lakes and associated wetlands. The Chinese government enacted a policy to prohibit impoldering from the end of the 1970s. Local people have allowed some inundated lands to be rejoined to the original lakes because they are unwilling to repair breached dikes (Wang 1998) . After unprecedented flooding in 1998, the Chinese government implemented a lake restoration project in the Central Yangtze floodplain, which reversed the impoldering and controlled degradation of the lakes to some degree. For example, the area covered by Honghu Lake, the largest lake in the Jianghan Plain, increased in size between 1987 and 1998 . 
Conclusions
Substantial changes have been observed in aquatic biodiversity in most of the Central Yangtze lakes. These changes are the result of the impacts of three kinds of human-induced activities, as illustrated in Figure 7: (1) lake degradation (eg loss of wetlands, water pollution and eutrophication, and overfishing), caused by a growing human population and increased food production; (2) the construction of large hydroelectric projects, primarily aiming at exploiting water resources for power generation; and (3) the establishment of nature reserves and lake restoration practices to restore habitats for plants and animals. Natural processes (such as lake sedimentation and climate change) are also factors for the changes in lake structure and biodiversity in this region, but these were not included here because their influences are likely much smaller than those induced by rapid, intensive human disturbances ).
As stated above and shown in Figure 7 , lake degradation and the construction of large dams have led to a substantial decrease in species richness within inhabitant plant and animal communities, as well as changes in population size, age structure, and individual size of fish species. On the other hand, the establishment of a number of nature reserves and lake restoration projects since the late 1980s and early 1990s has restored habitats and biodiversity to some degree. One example of this is seen in the increase in the numbers of overwintering waterfowl at some lakes ( Figure 6 ). A concerted effort by ecologists, hydrologists, policy makers, and local residents will be required to minimize negative human impacts, maximize the effectiveness of nature reserves and lake restoration, and to protect and ultimately restore the wetland biodiversity of this area.
Figure 7. Biodiversity changes and their relationship with human impacts in the Central Yangtze lakes. Increases in human population result in land-use and land-cover changes and environmental pollution, which lead to degradation of lakes (eg loss of wetlands, water pollution and eutrophication, and overfishing). These, together with the construction of large hydroelectric dams, establishment of nature reserves, and lake restoration practices, are the major causes of changes in aquatic biodiversity in the Central
Yangtze. Such human-induced biodiversity changes take place at multiple levels (species richness, community composition, population size and age structure, and individual body size).
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Nature reserves and restoration practices I n recent years, a number of papers have highlighted the potentially detrimental effects of certain anthropogenic compounds on the reproductive processes of both wildlife and humans. There has been increasing evidence that these compounds can alter endocrine function and disrupt growth, development, and reproduction by interfering with the production, release, transport, metabolism, and elimination of endocrine hormones. The regulation of developmental processes is also affected (IPCS 2002; Van der Kraak 1998) .
To date, the effects of endocrine disruptors on aquatic wildlife have been linked primarily to particular compounds, such as butyltins, natural (Estrone [E1], 17␤-estradiol [E2]) and synthetic (nonylphenol [NP]) estrogens, atrazine, dichlorodiphenyltrichloroethane (DDT)-related compounds, polychlorinated dibenzo-p-dioxin/ dibenzofurans (PCDD/F), and coplanar polychlorinated biphenyls (co-PCBs; IPCS 2002). Several examples of the biological impacts of endocrine disrupting chemicals (EDCs) on wildlife have been documented (Miyamoto and Burger 2003) . One of the best-known cases is tributyltin (TBT), which has been shown to cause male sex characteristics to form on normal females, in a range of marine gastropod mollusks (Matthiessen et al. 1998) , including the dogwhelk (Nucella lapillus). Imposex, as it is called, effectively prevents these animals from reproducing and leads to changes in population levels. Evidence of intersexual characteristics among male frogs exposed to atrazine (Hayes et al. 2002) and of eggshell thinning in birds as a result of exposure to DDT and its metabolites REVIEWS REVIEWS REVIEWS
Effects of endocrine disrupting chemicals on China's rivers and coastal waters
Wei An and Jianying Hu*
In the past decade, many studies have investigated the occurrence, and associated biological effects, of endocrine disrupting chemicals (EDCs) in China's aquatic environments. Here, we summarize the exposure levels of butyltins and other EDCs in major Chinese river watersheds and coastal waters and review their biological consequences. High concentrations of butyltins were found in seawater from the coasts of Dalian, Tianjin, Qingdao, Shanghai, and the Guangxi North Sea, and in sediments from Daya, Haimen, and Guangao Bays. In areas with high butyltin concentrations, there was an increased incidence of imposex (in which male sexual characteristics are found in female gastropods). We discuss the effects of EDCs on other wildlife, including night herons, Chinese sturgeon, and crucian carp, and propose a number of ways to limit the release of EDCs and reduce their effects.
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• Environmental pollution is increasing in China as a result of industrialization and the rapid development of both urban and rural economies • Endocrine disrupting chemicals (EDCs) are ubiquitous in water, sediment, and aquatic organisms in major rivers, lakes, and coastal waters • Typical detrimental effects of EDCs, such as malformation of sex organs, have been observed in marine gastropods and fish and birds • High concentrations of tributyltin (TBT) have been found in large Chinese seaports, and DDT has been found in the Hai River, Tai Lake, Min River, Jiulong River, and Pearl River
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has also been observed. The abovementioned EDCs, with the exception of PCDD/F, are widely used in agricultural, industrial, and household products. Because of the general lack of standards and regulation, many sources of EDCs exist in developing countries, including China (Table 1) . As a result, Chinese scientists have carried out numerous studies on EDCs during the past decade. Most of the early studies focused on the occurrence of typical EDCs, including TBT, NP, atrazine, DDT, PCDD/F, and co-PCB in the environment, but new evidence regarding the adverse effects of EDCs on wildlife has been increasingly reported in recent years.
Occurrence and biological impacts of EDCs
This paper summarizes most of the studies that have been published about EDCs in China. The study areas encompass the major watersheds in China, including the Liao, Yang, Luan, Hai, Yellow, Huai, Yangtze, Huangpu, Qiantang, Min, Jiulong, and Pearl Rivers, as well as the Bohai, East China, Yellow, and South China Seas. These studies report on the occurrence of EDCs (butyltins, NP, atrazine, DDT, PCDD/F, and co-PCB) in the river watersheds and the biologically adverse effects observed among wildlife, including imposex in marine gastropods and decreased survival of young night herons, both resulting in declining population, vitellogenin induction in male crucian carp (this egg yolk precursor protein is normally only expressed in female fish), and an intersex condition known as testis-ova in anadromous Chinese sturgeon.
Butyltins
Butyltin compounds are used widely as stabilizers, catalysts, and biocides. They were first marketed in 1936 and have been used in antifouling paints for ships since the 1960s. The total production of butyltin compounds worldwide was about 50 000 tons in 1992. In China, these compounds have been produced since 1964, with maximum annual production as high as 7500 tons . TBT has been regulated in antifouling paints since the late 1980s in most European countries and North America, owing to its extreme toxicity to aquatic life, even at low concentrations. However, there are currently no laws limiting the use of TBT in China. Butyltin compounds were found to be widespread in aquatic environments in China (Figure 1a ; Jiang et al. 2001; Shi et al. 2003; Gao et al. 2004) . Since concentrations of butyltins are often related to shipping activities, much higher concentrations of butyltin were consistently detected in the large harbors of Qingdao, Dalian, Shanghai, and Tianjin. Here, TBT concentrations ranged from 10-977 ng Sn L -1 (Jiang et al. 2001) . High concentrations were found mostly in seaports, because of frequent shipping activities and minimal exchange of seawater in seaports. Gao et al. (2004) Yuan et al. 2001; . Butyltin concentrations in seafood in most coastal cities were found to be between 40 and 160 ng Sn g -1 wet weight (ww; , lower than concentrations measured in Taiwan (36-11473 ng Sn g -1 ww; .
The main adverse effects of butyltins on aquatic life have been malformations in marine gastropods. The most serious of these, imposex, can lead to sterility and local extinctions of affected species in the most severe cases of contamination (Oehlmann et al. 1998) . In China, a number of reports of imposex in mollusks have been published in recent years (Shi et al. 2001 (Shi et al. , 2005 . The morphological characteristics of imposex were found in marine gastropods along the southeast coast of China (Shi et al. 2001 ; Figure 2 ). Shi et al. (2005) reported in detail the occurrence of various stages and types of imposex in gastropods along the coastlines of mainland China from 1999 to 2004 (Figure 1b ) by dividing the morphological expression of imposex in gastropods into seven stages (S0-S6). Different gradations (stages) of imposex are described by the vas deferens sequence (VDS), determined by examining female gastropod genitalia using a stereomicroscope. We have attempted to predict the percentage of sterile females along the coasts of mainland China using this scale and the following equation, developed by Oehlmann et al. (1998): (1) y = 100 1+e-0.529*(V-4.52) + 0.0018 (n = 438, r = 0.922, P < 0.0005) where y is the incidence of sterile females, and V is the VDS index. As shown in Figure 1b , the coastlines around Dalian, Lianyungang, Xiamen, Shenzhen, the Pearl River, Beihai, Haikou, and Dongya were predicted to Key: p: penis; pd: penis duct; pr: prostate; vd: vas deferens; vds: vas deferens section; vo: vaginal opening (Shi et al. 2003) . ) and sediment (1.7-6.31 ng g -1 ) were also detected . The VDS for the ivory shell (Babylonia formosae habei) was also found to be related to the concentration of TBT along southern China coastlines (4 at 1.19 ng L -1 of TBT and 5 at 3.35 ng L -1 ). Some local gastropod populations will become extinct if the current high incidence of female sterility continues, indicating an urgent need to prohibit the use of butyltins in antifouling paints in China.
NP and natural estrogens
Nonylphenol (NP) is a metabolic byproduct of nonylphenol ethoxylate (NPEOs) found in aquatic environments. NPEOs have been used widely in industry and agriculture (eg in textile manufacturing, petroleum refining, and pesticide formulations) since they were first synthesized in 1940. The total annual quantity of NPEOs used in China increased from 40 000 tons in 1995 to 93 000 tons in 2003, an annual increase of 11% (Figure 3) . This represents about 10% of global usage Feng 2005) .
The NP concentrations in the Yangtze River (1.55-6.85 g L -1
) near the city of Chongqing in July 2001 ; . However, concentrations of NP in surface waters are closely linked to seasonal variations in usage as well as temperature-dependent biodegradation rates. For example, while NP concentrations in the Yangtze River in April ranged from 0.01 to 1.12 g L -1
, the concentrations increased to 1.55-6.85 g L -1 in July . The NP concentrations in the Yangtze River are higher than those found in the Detroit River (0.269-1.19 g L -1 ) in the United States (Snyder et al. 1999) . NP concentrations of 151.4 ± 50 to 677.8 ± 136 ng g -1 lipid were also detected in organisms throughout the marine aquatic food web, including 14 species of marine plankton, benthic invertebrates, fish, and marine birds in Bohai Bay (Hu et al. 2005a) .
The adverse biological effects of NP have been linked to the induction of vitellogenin in male fish, intersex conditions, and abnormal sex ratios in fish. In China, Hu et al. (2003) developed a high performance liquid chromatography assay and enzyme-linked immunosorbent assay kit to test for vitellogenin, and used it to detect the protein (0.284-5.971 mg mL -1 ) in wild male and female crucian carp (Carassius auratus) taken from the Beijingpaiwu River, part of the Hai River watershed. The group also detected NP concentrations of about 30-1510 ng g -1 ww in the tissues of these fish, suggesting that NP concentrations are related to vitellogenin induction . In fact, intersexual testis-ova, declining sperm activity, and a substantial decline in the male to female ratio have been reported in populations of anadromous Chinese sturgeon (Acipenser sinensis gray) in the Yangtze River . Chinese sturgeon, which spawn and hatch mainly in the Yangtze River, are close to extinction and are high on the list of protected species in China. Zhang et al. (2005) investigated the effects of NP on vitellogenin gene expression in Chinese sturgeon and found concentrations of 2.78-2.41 g g -1 ww in the liver of these fish, following short-term exposure to NP. Because NP concentrations of 0.8 to 1.92 g g -1 ww were detected in wild fish in the Yangtze River (Shao et al. 2005) , Zhang et al. (2005) suggested that potentially high NP residues could exist in Chinese sturgeon and that this could induce vitellogenin gene expression following longterm exposure. It should be noted that NP has the potential to mimic estrogen, but this is approximately 100 000 times weaker in eliciting estrogenic responses than natural estrogen (17␤-estradiol). In fact, naturally produced estradiol and synthetic estrogens from human or pig excreta are probably of greater importance in this respect than NP. However, there is little data on the occurrence of natural and synthetic estrogens in China. The amounts of natural estrogens (estrone [E1] and 17␤-estradiol [E2]) excreted by humans and released into different river watersheds were estimated using the following equation:
where I is the amount of natural estrogen released into the river; q is the amount released per individual (E1: 10.2 g day -1
; E2: 6.6 g day Table 2 (Wu et al. 1999) , and the estimated amounts of natural estrogens released into China's main rivers are shown in Figure 4 . It can be seen that the concentrations of estrogens in northern rivers are much higher than those in the southern river watersheds, due to the low flows of the northern rivers. More adverse biological effects of estrogens are therefore observed in northern China than in southern China.
Atrazine
Atrazine was first synthesized in Switzerland in 1955, and first licensed in the US in 1959 as an herbicide that inhibited photosynthesis. It was registered for the control of broadleaf weeds and some grassy weeds in crops such as corn, sorghum, sugarcane, wheat, guava, macadamia nuts, and hay. Laboratory observations showed that a low concentration of
) can cause hermaphroditism in male frogs (Hayes et al. 2002) ; feminization of wild frogs is found throughout the US, and has been correlated with widespread usage of atrazine. This has triggered concerns about the biological effects of environmental atrazine on amphibians. To date, however, there have been no reports of feminization of male frogs in China, even though atrazine usage is relatively high.
In China, atrazine has been produced and used since the 1980s, and the quantities have increased each year since then. The total quantity of atrazine produced in China has reached 5000 tons per year (Ren et al. 2002) . Although its use has been restricted in Switzerland for 10 years and was recently banned in Italy and Germany, atrazine is still one of the most common herbicides in the world. This, together with its persistence in the environment, has contributed to widespread water contamination. Atrazine has been detected in the surface water in the Liao River, Guanting Reservoir, and the Yang River in China. The highest concentration found in the Yang River was 6.7 g L -1 , higher than both the Liao River (0.3 g L -1
; Marion et al. 2002) and the Guanting reservoir (1.5 g L -1
; Ren et al. 2002) . This, in turn, is slightly higher than the 1.29 g L -1 found in the Patuxent River estuary in the United States (McConnell et al. 2004) . In fact, the high concentrations of atrazine in the Yang River and Guanting reservoir have been linked to discharges from factories manufacturing pesticides (Ren et al. 2002) .
Dichlorodiphenyl trichloroethane (DDT)
DDT was first synthesized in 1873 by Othmar Ziedler, and has been used as an organochlorine insecticide since 1940. It is still used today for disease vector control (mostly malaria) in 25 or more developing countries. This is primarily because of its high performance and low cost. DDT was widely used in China from 1950 to 1983. During this period, China produced 270 000 tons of DDT, representing 20% of the total world production (Qiu et al. 2004) . Although DDT was banned in China at the beginning of the 1980s, one of its metabolite residues, dichlorodiphenyldichloroethylene (DDE), can still be detected in aquatic environments due to its extended persistence and the use of other sources, such as the organochlorine pesticide dicofol, which contains small quantities of DDT. Runoff from fields treated with these chemicals has resulted in high concentrations in the sediments of freshwater, estuarine, and marine environments in China ( Figure 5 ; Hong et al., 1995; Wu et al. 1999; Hu et al. 2005b) . Hu et al. (2005b) reported the presence of DDT-related compounds in Bohai Bay and the adjacent Hai River watershed in northern China. They found that 2,2-bis-chlorophenyl-aceticacid (p,p'-DDA), a major degradation product of DDT, accounted for 52-93% of the total DDT concentration in the water. In sediment, dichlorobenzophenone (p,p'-DBP; range: 0.60-3.30 ng g -1 dry weight [dw]) is a major metabolite, comparable with DDE (range: nondetectable-1.80 ng g -1 dw) and DDD (2,2-bis-(chloro-phenyl)-1,1-dichloroethane, range: nondetectable-2.86 ng dw). Wu et al. (1999) also recorded concentrations of DDT and its metabolites (p,p'-DDE, p,p'-DDD, and p,p'-DDT) in sediments collected from major rivers and seas in China ( Figure 5 ). These concentrations were relatively low in sediments from rivers in the north of China, with the exception of the Hai River (9.5-11.5 ng g -1 dw), while the values for DDTs were high at different locations in South China, including Tai Lake (0.97-12.66 ng g -1 dw; Yuan et al. 2003) , the Minjiang River (6.9-13.1 ng g -1 dw; Zhang et al. 1996) , the Jiulong River (4.1-6.1 ng g -1 dw; Zhang et al. 1996) , and the Pearl River (6.5-14.5 ng g -1 dw; Liao et al. 1983) . Compared with other rivers around the world (Iwata et al. 1994) , the residual concentrations of DDTs in sediments in this region were relatively low, although large quantities of organochlorines have been produced and used in China.
It is well known that DDT and its metabolites accumulate in waterfowl and raptors. detected DDTs in the eggs of black-crowned night herons (Nycticorax nycticorax), little egrets (Egretta garzetta), cattle egrets (Bubulcus ibis), and Chinese pond herons (Ardeola bacchus) from a colony near Tai Lake. While quantities of DDE found in the eggs of night herons from Tai Lake (mean concentration 1103 ng g -1 ww; range: 196-5837 ng g -1 ww) are higher than those from a colony near Hong Kong (mean concentration 491 ng g -1 ww; range: 200-1200 ng g -1 ww), the concentration in the eggs of little egrets around Tai Lake (mean concentration 397.41 ng g -1 ; range: 77.18-2151.4 ng g -1 ww) was lower than that from the Hong Kong colony (mean concentration 941 ng g -1 ; range: 530-1700 ng g -1 ww). This may be due to differences in the egrets' diet. However, in both colonies, DDE accounted for 85-95% of the total DDTs in these species.
As a persistent lipophilic metabolite of DDT, DDE can cause thinning of eggshells and decreases in bird population sizes. DDE concentrations in birds, particularly waterfowl and raptors, are greatly increased through bioaccumulation. Night herons, for instance, are susceptible to persistent organic chemicals. These birds are common in China, and their habitats are associated with swamps, streams, rivers, marshes, muddy flats, and the edges of lakes from the north to the south of eastern China (Ramsay 2000; Figure 5 ). Zhang et al. (2003) found that reproductive success (76%) in the night heron colony near Tai Lake, where high DDE concentration residues are detected in the eggs , was much lower than in a reference area (95%; Zhu et al. 2000) . The probability that DDE concentrations in the eggs of night herons inhabiting Tai Lake exceed the threshold concentration (1 g g -1 ww per egg) where there are no effects on reproductive success (Connell et al. 2003 ) was estimated to be 56.5% . This high probability of reproductive impairment has lead to serious concern about the risk of negative effects of DDE in the night heron population. Using the intrinsic rate of population increase as an assessment endpoint, the effects of exposure to DDE on the night heron population at Tai Lake was calculated as a decrease in population size of 2.56% every year. In other words, about five individuals in a population of 100 pairs would be lost each year due to DDE exposure .
Fortunately, there have been many studies on DDT exposure, covering most of the river and lake watersheds where night herons are found ( Figure 5) . It is therefore possible to predict that the potential impacts on night 70˚  80˚  90˚  100˚  110˚  120˚  130˚  140˚5   04   03   02   0˚ heron populations will occur in regions with high levels of organochlorine residues, for example the Hai, Pearl, Min, and Jiulong Rivers, where high concentrations of DDT residues exist in sediment. This calculation does assume that the bioaccumulation factor from sediment to eggs is constant in these regions.
PCDD/F and co-PCBs
PCDD/F and co-PCBs have attracted the attention of scientists and the public, because these compounds not only disrupt endocrine function, but have also been shown to have dermal toxicity, immunotoxicity, and carcinogenicity. Their toxic equivalency quantity (TEQ) is always calculated using the World Health Organization toxic equivalency factors (WHO-TEFs) and the international toxicity equivalency factor (I-TEF). Furthermore, due to the hydrophobic nature of these compounds, and their resistance to metabolism, they are ubiquitous in the environment, leading to human exposure. High rates of cancer mortality and chloracne have been reported in several groups of people exposed to dioxin compounds (PCDD/F) during herbicide production (Steenland et al. 2001) . Paper mills and the chloralkali industry, which produce chlorine for bleaching wood pulp, are the main sources of dioxins in China, producing about 5.9-8.1 kg I-TEQ. The domestic and industrial combustion of coal accounts for about 0.4-3.6 kg I-TEQ, because China relies mainly on coal for its energy production. Municipal solid waste incinerators and crematoria produce only 0.01-1.3 kg I-TEQ, and cement kilns and asphalt mixing also emit a relatively small amount of dioxins (about 0.2 kg I-TEQ). Other important sources of dioxins include the production and usage of pentachlorophenol (PCP), which is used widely as a biocide to control snail-borne schistosomiasis and also as a wood preservative. The emission of dioxins from PCP is about 0.6 kg I-TEQ. We found no peerreviewed papers on the occurrence of co-PCBs in China. However, our own unpublished results indicate that the total amount of dioxins in PCP is 7420 ng g -1 , 130 ng g -1 in co-PCBs, and 7290 ng g -1 in PCDD/F (Hu et al. unpublished) .
In China, data on dioxin concentrations in the environment are very limited. However, the toxic equivalency quantity (TEQ-WHO) of PCDD/F and co-PCBs in sediment, as well as in aquatic organisms and seabirds, is often used to assess the ecotoxicological risks to high trophic level animals. Wu et al. (1997) investigated PCDD/F and co-PCBs pollution in the sediment of Ya-Er Lake in Hubei province; they found that concentrations of PCDD/F and co-PCBs were 0.10-857 pg TEQ-WHO g -1 dw and 0.03-64.1 pg TEQ-WHO g -1 dw, respectively. Hu et al. (2005b) reported on historical variations in PCDD/F and co-PCBs by analyzing the slices of sedimentary cores in the Nanpaiwu River and Bohai Bay (Figure 6 ). They found that the highest concentration (22000 pg TEQ-WHO g -1 dw) in the Nanpaiwu River was about 125 times higher than in a sedimentary core from Beaver Lake in Washington State (Lorber et al. 2002) . The source of dioxins in the Nanpaiwu River was found to be the production of PCP, a pesticide that is manufactured in this area.
A few studies have been conducted on the occurrence of dioxins in various organisms in China. Wan et al. (2005) reported the trophodynamics of PCDD/F and coPCBs in all organisms in the Bohai Bay food chain; there, concentrations ranged from 2.3 to 306 pg TEQ-WHO g -1 lipid ( Figure 6 ). The highest TEQ concentration (306 pg TEQ-WHO g -1 lipid) was detected in herring gulls, which is 13-132 times higher than in other aquatic species. It is interesting that in aquatic organisms (excluding birds) 60-93% of the TEQ was co-PCBs, while in birds, over 85% of TEQ was contributed by PCDD/F. The authors con- cluded that this was due to differences in bioaccumulation within the food web between PCDD/F and co-PCBs. studied a wide sweep of coastline around the Bohai Sea, measuring concentrations of PCDD/F and coPCBs in mollusks, and reported that while the highest TEQ concentration of PCDD/F (51 pg TEQ-WHO g -1 lipid) was found along the Dalian coastline, the highest concentration of co-PCBs (17 pg TEQ-WHO g -1 lipid) was detected along the Yantai coastline (Figure 6 ), suggesting that there are different sources of dioxins in different locations. Using the reference dose (RfD) of 1-10 pg TEQ-WHO g -1 per kg d -1
for dioxin proposed by Greene et al. (2003) , the ingestion rate (IR = 6.5 g) of consumed contaminated marine shellfish and fish tissue per day, and absorption efficiency (AE = 1; Barron et al. 1994) , the adult burden (AB) of TEQ per day can be calculated using the following equation:
where C is TEQ normalized by lipid in shellfish and fish. The default weight in adult humans is 70 kg (154 lbs). Using equation 2, the mean TEQ burden for an adult seabird eating marine fish and shellfish from the Bohai Bay was estimated to be 0.085 pg TEQ-WHO g -1 per kg d -1 (range 0.025-0.35); this is much lower than the RfD of 1 pg TEQ-WHO g -1 per kg d -1 recommended by Greene, indicating that shellfish contaminated by dioxin (PCDD/F) and dioxin-like compounds (coplanar PCBs) would not cause an adverse response in humans.
Conclusions
Here, we have summarized the occurrences in Chinese aquatic environments of typical EDCs, together with related adverse biological effects. First, based on the high concentrations of butyltins in the rivers, lakes, and coastal waters of China, and the high incidence of sterility in gastropods along the mainland coasts of China, there is an urgent need to quantify new sources of butyltins and to reduce the concentrations of these harmful compounds in the environment.
Second, high concentrations of atrazine have been linked to detrimental effects in frogs in some rivers (eg the Yang River); greater attention needs to be focused on atrazine use and its potential impacts on wildlife, particularly amphibians, in China.
Third, although DDT was banned at the beginning of the 1980s in China, high concentrations of DDE residues are still detected in the environment and in tissues of various species. To protect bird populations, it is essential to control new sources of DDT pollution.
Finally, although the main sources of dioxins in China are reported to be from the chloralkali industry and the paper industry, other sources, such as pesticides and wood preservative, as well as emissions from municipal solid waste incinerators and crematoria should also be of major concern, due to the rapid increase in numbers of these installations in China.
